The head-disk interface (HDI) designed for sub-5nm pseudo-flying to obtain extremely high areal recording (EHDR) density of 1 Tbit/in 2 is susceptible to strong adhesive interfacial forces, and the accurate predictions of these interfacial forces are critical in ensuring successful implementation of ultra-low flying HDI's. In this paper, the effect of surface roughness on the adhesive forces at sub-5 nm flying-height regimes is investigated through a comparison to a simple two flat parallel surface counterpart. It was found that the effect of roughness promotes adhesion at higher separations than if a two flat parallel surface configuration is adopted. Prior to the onset of contact (during flying), however, the total adhesive force for an interface with low roughness is comparable to the two flat parallel surface approximation, thus significantly simplifying the analysis.
INTRODUCTION
As it is required that recording sliders will need to fly over high-speed rotating disks at a physical spacing or flying-height (FH) of 3.5 nm to achieve a low magnetic spacing, the HDI becomes susceptible to strong adhesive intermolecular forces which increase nonlinearly as the FH decreases below sub-5 nm FH. A strong adhesive force can lead to unstable slider flying behavior by pulling the slider down onto the disk surface, which causes dynamic contact and high bouncing vibrations such that the slider is unable to fly at its nominal FH [1] . Therefore, for the successful implementation of ultra-low flying HDI's, the complex behavior of interfacial forces (adhesion, contact, and friction) must be well understood and implemented in sub-5 nm flying air-bearings.
The focus of this study is to compare a simple (no roughness) and a complex (with roughness) adhesive model applicable to ultra-low flying and contacting HDI's using realistic HDI parameters. This is done by using two types of interfacial geometries that represent a slider-disk interface, namely, two flat parallel surfaces (ignoring roughness) and a rough surface on a flat counterpart. Moreover, a simple Van der Waals model and the improved Derjaguin-Muller-Toporov (IDMT) adhesive force model for two flat parallel surfaces are adopted to approximate the adhesive behavior at the HDI in the absence of surface roughness. Then, an advanced continuum rough surface adhesive contact model termed "improved subboundary lubricant (ISBL)" model is used to model the actual rough surfaces of both the slider and disk surfaces as well as the lubricant effects. A direct comparison between the simple adhesive models and the rough surface adhesive model is performed for a supersmooth disk-slider pair using realistic HDI material properties.
SIMPLE AND ADVANCED ADHESIVE MODELS
Since the combined root-mean-square (RMS) roughness values of typical slider/disk surfaces for sub-5nm flying is of the order of few angstroms, one may ignore surface roughness and assume infinitely smooth interfacial geometry to represent the HDI as a first order approximation. Assuming that the surface of the proximity area at the trailing edge of the slider where contact is most likely to occur (center pad area) is infinitely smooth, the simplified overall HDI configuration can be represented by Fig. 1(a) . The non-retarded (h < 10 nm, where h is the mean surface separation) van der Waals adhesive model based on a two flat parallel surface configuration is given by:
where H * is the non-retarded Hamaker constant and A n is the nominal contact area. Similarly, the IDMT adhesive model [2] for two flat parallel surfaces, which utilizes the LennardJones attractive surface potential, is given by: 
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where ∆γ is the energy of adhesion, and z 0 is the equilibrium spacing of two equivalent surfaces. Note that the effect of the molecularly thin lubricant that is present on magnetic storage hard disks is embedded in the Hamaker constant H * and the energy of adhesion ∆γ values for van der Waals (Eq. (1)) and IDMT (Eq. (2)) models, respectively.
The configuration of a rough surface model is based on the Greenwood and Williamson statistical roughness model and is depicted in Fig. 1(b) , which represents a more realistic interface for describing the adhesive contact behavior of ultralow flying HDI's. The ISBL rough surface adhesive model includes the adhesive force contribution from the lubricant contacting asperities explicitly through both ∆γ and mobile lubricant thickness t as given in Eq. (3). The ISBL model is an extension of the Kogut-Etsion (KE) dry contact model [3] that is based on numerical results of accurate finite element analyses for elastic-plastic contact of a single asperity. The ISBL model is directly extended from the KE model where the adhesive lubricant contribution is statistically added to the total adhesive force calculation. The total adhesive force equation is given in a dimensionless form below In the comparison of simple (two flat parallel surfaces) and rough surface adhesive force approximations, realistic material properties and HDI geometries were considered. Table 1 summarizes the material properties of disk and slider used in the simulations. The individual and combined roughness parameters of the disk and slider for the ISBL model are also listed in Table 2 , which are based on 20 µm x 20 µm scan size AFM measurements. Figure 2 shows a comparison of the simple adhesive models with the ISBL rough surface model for sub-5 nm FH with a nominal area A n of 1000 µm 2 . The adhesive force calculations are plotted as a function of FH, where the FH is defined as the difference between the mean surface separation h and the mobile lubricant thickness, i.e., FH = h -t. Under two infinitely flat parallel surface configuration, the adhesive force is insignificant until the FH becomes extremely small (e.g., FH ≤ 0.5 nm with the mobile lubricant thickness of 0.5 nm), below which it rises exponentially. Negative FH values indicate contact. To the contrary, the rough surface model approximation shows that the active range of adhesion is wider when the combined slider-disk roughness is considered. Specifically, the adhesive force based on the ISBL rough surface model rises gradually at higher flying-height, FH < 2.5 nm. For larger flying-heights (FH > 2.5 nm), the magnitude of the adhesive force from the rough surface model is, however, comparable to those from the two flat parallel surface prediction. A closer look at the FH range of 2.5-5 nm revealed that both models predict very small adhesive forces, under 1 mN. Hence, for the flying HDI without contact (e.g., FH > 2.5 nm), the two flat parallel surface approximation may be used to predict the total adhesive force, thus considerably simplifying the analysis.
CONCLUSION
A comparison of the adhesive force based on two flat parallel surface models and a realistic rough surface model showed that the effect of roughness promotes adhesion at higher separations. Hence, the roughness of the HDI must be taken into account for sub-5 nm ultra-low flying HDI modeling. While the roughness effect is important for FH < 3 nm, in the flying regime or in the absence of contact where the adhesive effect is negligible, the two adhesive models can be used interchangeably. [3] Kogut, L., and Etsion, I., "A Static Friction Model for Elastic-Plastic Contacting Rough Surfaces," ASME Journal of Tribology, 126(2004) , 34-40. 
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